Aluminium-Zinc (AZ) is a popular series of magnesium alloy and is used in automobile components and structures. In this regard, the AZ series is subject to high velocity and impact loads during accidents. Thus, it is essential that the effect of tensile strain rates i.e., low and intermediate strain rates, on flow stress of extruded AZ31 and AZ61 magnesium alloys is investigated. In this study, tensile test under low strain rates were fixed at 1×10 -4 , 1×10 -3 , 1×10 -2 and 1×10 -1 s -1 , while tensile tests under intermediate strain rates were fixed at 100, 200, 400 and 600 s -1 . The tensile test specimens were prepared with a gage length and diameter of 10 mm and 3 mm, respectively. Flow stress was determined by averaging the values of yield stress and tensile strength of the alloy. The results showed that the flow stresses of both extruded magnesium alloys were strain rate dependent. This is believed to be due to the increasing dislocation density in the materials. Thus, the resistance to deformation increased with an increasing volume of dislocation density for extruded AZ31 and AZ61 alloys. Moreover, the flow stresses of both alloys were strain rate dependent; the activation of critical resolved shear stress (CRSS) of non-basal slip systems for magnesium alloys significantly influenced the deformation mechanism of the materials. Additionally, flow stresses of both magnesium alloys increased at increasing strain rate due to the large numbers of twinning in alloys. Hence, tensile strain rates significantly affect the flow stress and failure mechanism of magnesium alloys.
INTRODUCTION
Aluminium-Zinc (AZ) magnesium alloys are beneficial in automobile applications for preventing or reducing the impact of critical damage in cases of accidents due to its ductile property. The good ductility of AZ magnesium alloys allows them to be easily produced in the shape of extruded products for automotive applications . Moreover, extruded magnesium products have better dynamic strength compared to cast magnesium products [1] . Sajuri et al. [2] reported that the tensile properties of extruded AZ61 alloy was higher than that of as-cast AZ61 alloy. In automotive applications, structural components made from magnesium alloys are constantly subject to high velocity during accidents. Thus, examining the mechanical properties of these alloys is essential to determining their behaviour under high strain rates and loads.
Tensile properties are commonly determined under low strain rates, which are less than 0.01 s -1 at room temperature. Meanwhile, high strain rate tensile properties are acquired by tensile tests at high strain rates or dynamic response. A high strain rate (also known as the impact loading rate or dynamic loading rate) is generally associated with high impact and acceleration. High strain rates typically range from 100 to 1 × 10 4 s -1 . In this test condition, a Split Hopkinson pressure bar tester (also known as Kolsky apparatus) is used to conduct the tensile test at high strain rate up to 1 × 10 4 s -1 [3] . The high strain rate tensile test of a drop weight event is used to perform the test at strain rates below 1 × 10 3 s -1 , which rely on the drop weight height of the tester. The strain rate range of the drop weight impact tester is also known as the intermediate or moderate strain rate [4] [5] [6] . Hasenpouth et al. [4] studied the effect of intermediate strain rate for an AZ31B magnesium alloy sheet, while Kong et al. [5] studied both mild and stainless steels. They found that at increasing strain rates, tensile properties are strain rate dependent. For magnesium alloys, Abdullah et al. [7] reported that these alloys were capable of withstanding high speed impacts that performed using the Split Hopkinson pressure bar tester. However, the trend of tensile properties at low to intermediate strain rates for extruded AZ31 and AZ61 magnesium alloys are still unknown. In this study, the effects of low and intermediate strain rates on flow stress for extruded AZ31 and AZ61 magnesium alloys were investigated.
METHODS AND MATERIALS
Two types of as-received extruded magnesium alloys, AZ31 and AZ61, were used in this study. For these two alloys, the chemical compositions are listed in Table 1 and microstructures are shown in Figure 1 . Obviously, aluminium content in AZ61 was higher than in AZ31, which influences the microstructure of alloys. Thus, the AZ31 had larger grain size compared to AZ61 with the average grain sizes of the AZ31 and AZ61 were 24.4 µm and 15.0 µm, respectively. The numbers of twinning for AZ31 were also found to be higher compared to AZ61. The Vickers hardness test was carried out for extruded AZ31 and AZ61 magnesium alloys. It was found that the average Vickers hardness of AZ31 and AZ61 magnesium alloys were 57.3 HV and 60.6 HV respectively as shown in Figure 2 . Figure 3 ) was designed and fabricated cause limit the strain rate by the UTM, where it was only operated up to a maximum strain rate of 0.5 s -1 . The high strain rate tensile tester was developed based on the free fall principle with a drop weight event. Detailed geometries and dimensions of the round tensile test specimens, for low and intermediate strain rate tensile tests, are shown in Figure 4 . Tensile properties were obtained from the tensile test. Flow stress was subsequently determined from the average of the yield stress and tensile strength of the magnesium alloys.
Design of High Strain Rate Tensile Tester
Several important parameters for the high strain rate tensile tester were included, such as tensile test configuration, measurement device, recording data system, safety parts and height of drop weight for producing a dynamic response. This tester was designed and fabricated in-house to perform the tensile test under intermediate strain rates that ranged between 100 and 600 s -1 . The minimum and maximum heights of the drop weight were approximately 0.05 and 2 m, respectively. The development of the high strain rate tensile tester sought to perform the tensile test under intermediate strain rates using the free fall weight principle using the influence of gravity acceleration. This refers to the conservation of energy equation, within which, the potential energy before the tensile test is identical to the kinetic energy after the tensile test. This refers to Equation (1).
where m is the mass, g the acceleration of gravity (9.81 m/s 2 ), h the drop weight height and v the impact velocity or strain rate.
The mass of the drop weight used in the high strain rate tensile tester was 25 kg (the weight of the drop weight was 245.3 N). The drop weight was used to produce an intermediate strain rate, after release, at the desired tensile test height. The tensile test specimen would subsequently experience an impact tensile response, just after the drop weight hits the impact platform. Hence, the tensile test intermediate strain rate was significantly dependent on the drop weight height. Prior to carrying out the tensile test under intermediate strain rate, two calibration tests were performed to ensure the capability of the high strain rate tensile tester to record the correct data of the experiment. The load cell is calibrated by adding weight. Figure 5 shows the calibration curve of the load measured by the load cell against different weights. The load was proportional to increasing weight. Comparing the calibration curve (solid line) and actual curve (dotted line), it was found that the percentage of error was 3.6%. This means that a small error would occur during testing, and this was considered acceptable. Afterwards, a calibration test of strain rate against the drop weight height was conducted to compare the actual strain rate and calculated strain rate of the free fall body equation. Timer and proximity sensors were used to record the moving time of the drop weight at distances of proximity sensors prior to hitting the impact platform. The distance of two proximity sensors was fixed at 139 mm. The recorded moving time and the distance of two proximity sensors were used to evaluate the actual strain rate, which is the distance between two proximity sensors divided to the recorded moving time and gage length of the specimen. Figure 6 shows the calibration curve of the calculated and actual strain rates under different drop weight heights. This curve indicates that both strain rates increase with an increase in drop weight height. The calculated strain rate was evaluated using Equation (2) based on the free fall principle without considering any sliding friction. Equation (2) was simplified from the conservation of energy equation as in Equation (1) . The actual strain rate is calculated by considering the small sliding friction between the drop weight and smooth guide columns. However, the actual strain rate is found to be slightly lower than the calculated strain rate due to the sliding friction effect between the drop weight and smooth guide columns. 
RESULTS AND DISCUSSION
The effects of low and intermediate strain rates on the tensile properties of extruded AZ31 and AZ61 magnesium alloys are listed in Table 2 . The flow stress of AZ61 was higher than that of AZ31 at all strain rates. This is believed to be due to the large amount of aluminium content in the alloy [9] . High aluminium content in AZ61 significantly decreased the grain size and presence of precipitation where it tends to cause more dislocation piled up due to blocking at large grain boundaries [10] [11] [12] and precipitation [13] . Figure 7 contains the flow stresses of both alloys and shows a slight increment in the strain rate range of 1×10 -4 to 100 s -1 . However, above 200 to 600 s -1 , the flow stresses increase dramatically by three to four times compared to those at low strain rates. Takuda et al. [14] reported that flow stress increases at high strain rate due to the increasing dislocation density for the Mg-8.5Li-1Zn alloy. Similarly, for the ZK60 magnesium alloy, Li et al. [15] reported that the dislocation density increases at high strain rates. It was found that the resistance to deformation increases with an increasing volume of dislocation density [16] . For the aluminium 7071 alloy, Bobbili et al. [17] also reported that the tensile flow stress increases with increasing strain rates as the high strain rate provides shorter time to energy accumulation, which thus increases the stress level. However, the flow stresses of extruded AZ31 and AZ61 are significantly higher at strain rates above 200 to 600 s -1 compared to those at high strain rates reported by Li et al. (2009) for ZK60 magnesium alloy and Bobbili et al. [17] for the aluminium 7071 alloy. Furthermore, the flow stresses of both extruded magnesium alloys are strain rate dependent, whereby the activation of critical resolved shear stress (CRSS) of non-basal slip systems for magnesium alloys significantly influenced the deformation mechanism of the alloys [18, 19] . Meanwhile, the flow stresses at low strain rates were mainly governed by the activation of CRSS of the basal slip plane of magnesium alloys [19, 20] . In addition, Li et al. [15] and Trojanová et al. [21] reported that twinning increases by increasing the strain rate for magnesium alloys as it also contributes to higher flow stress. Twinning provides a high dislocation slip by producing more barriers between grains [22] . Moreover, Koike et al. [23] , Barnett [24, 25] and Yasutomi and Enoki [26] argued that twinning formation results in extruded materials from the extrusion process. Figure 8 shows the effect of strain rate on elongations of extruded AZ31 and AZ61 magnesium alloys. Elongation is strain rate dependent as it decreases at increasing strain rate for both magnesium alloys. This is due to the shorter time needed to deform at high strain rates. Furthermore, elongation decreases are caused by the dislocation movement or slip deformation which cannot keep up at high strain rate [27] . In previous studies, Mukai et al. [28] also reported that the elongation to fracture of ZK60 decreases at high strain rates. Feng et al. [27] explained that the reduction of plasticity for AZ31B at high strain rates is caused by the limited time to plastic deformation; hence, the elongation is reduced at high strain rates. Figures 9 and 10 show the effects of high strain rate on the tensile fracture surface of AZ31 and AZ61 magnesium alloys, respectively. The fractographs of AZ31 and AZ61 magnesium alloys differ due to the different microstructure of both alloys caused by the effect of aluminium content. The AZ61 alloy certainly has a ductile fracture pattern in comparison to the AZ31 alloy due to the presence of large numbers of dimples on the fracture surface. Nevertheless, AZ31 still indicated a ductile fracture pattern. Referring to the fracture surface tested at a strain rate of 600 s -1 , the fracture surface of AZ31 indicated more cleavage fractures and steps, while AZ61 indicated that fewer dimples were formed. These two fracture behaviours were different when compared to the fracture surface of the specimen tested at a strain rate of 100 s -1 .
Similarly, Lin and Chen [16] reported that cleavage-like fracture appears at fracture surfaces of specimens tested at high strain rates, while at low strain rates, dimple-like ductile fractures are observed for AZ31B. This means that the ductility of AZ31 and AZ61 magnesium alloys slightly decrease with increasing strain rate. 
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CONCLUSIONS
Tensile tests under low and intermediate strain rates for extruded AZ31 and AZ61 magnesium alloys were carried out. Based on the results obtained, it was found that the flow stress of these two magnesium alloys were strain rate dependent. It is suggested that the flow stress of AZ31 and AZ61 magnesium alloys increased at increasing strain rates due to high dislocation density and the activation of critical resolved shear stress (CRSS) of non-basal slip systems for magnesium alloys. Twinning also increased by increasing the strain rate. Thus, the flow stresses of these two alloys increased. High twinning corresponded to higher induced dislocation density, which makes slip deformation difficult in alloys. It was found that elongations at the fracture of both magnesium alloys slightly decreased with increasing strain rate. Furthermore, the flow stress of the AZ61 alloy was higher compared to that of the AZ31 alloy at all strain rates. The hardness of the AZ61 alloy was also higher than that of the AZ31 alloy. A high aluminium content in the AZ61 magnesium alloy significantly increased the flow stress and hardness of this alloy. This was due to the high aluminium content in magnesium alloys contributing to a reduction in grain size, increment of grain boundary, presence of precipitation and twinning in microstructure. In the fractograph, the AZ61 alloy significantly fractured in a ductile pattern due to the large numbers of dimples on the fracture surface. Thus, it is beneficial for preventing sudden fractures.
